ABSTRACT Emission spectra of the zl 2 n-Z 2 Z + system of MgH have been studied at high resolution and with high signal-to-noise ratio through the use of a Fourier transform spectrometer. On the basis of a rotational analysis of these data, frequencies are predicted for the lowest pure rotational transitions with an accuracy approaching ±30 MHz. Frequencies of the (1,0) vibration-rotation lines are calculated to an accuracy of ±0.002 cm -1 . The excitation and observability of MgH in interstellar clouds are discussed. Subject headings: interstellar: molecules -molecular processes -laboratory spectra I. INTRODUCTION Magnesium hydride is an astrophysically important molecule. Lines of the A 2 Tl-X 2 l i + transition appear prominently in the absorption spectra of the Sun (Sotirovski 1972) and of late-type stars generally (Boesgaard 1968). The strengths of MgH lines are sensitive to luminosity in cool stars. Very recently, Bell, Edvardsson, and Gustaifson (1985) have shown that MgH line strengths can be used in conjunction with a magnesium abundance determined from Mg i lines to estimate the surface gravity of Arcturus. The strongest lines of the A-X system of MgH near 5000 Â suffer blending with other features in the spectra of cool stars. In stars later than mid-K, there may be some advantage to studying MgH by means of its vibration-rotation transitions in the infrared, for which high precision spectroscopic data have been lacking until now.
I. INTRODUCTION Magnesium hydride is an astrophysically important molecule. Lines of the A
2 Tl-X 2 l i + transition appear prominently in the absorption spectra of the Sun (Sotirovski 1972) and of late-type stars generally (Boesgaard 1968) . The strengths of MgH lines are sensitive to luminosity in cool stars. Very recently, Bell, Edvardsson, and Gustaifson (1985) have shown that MgH line strengths can be used in conjunction with a magnesium abundance determined from Mg i lines to estimate the surface gravity of Arcturus. The strongest lines of the A-X system of MgH near 5000 Â suffer blending with other features in the spectra of cool stars. In stars later than mid-K, there may be some advantage to studying MgH by means of its vibration-rotation transitions in the infrared, for which high precision spectroscopic data have been lacking until now.
In the laboratory, MgH has been studied for many years beginning with Watson and Rudnick in 1926. More recently Balfour and coworkers have thoroughly reexamined the MgH and MgD spectra. Balfour and Cartwright (1975a, b; 1976a, b) found a new electronic state (B' 2 Z + ) that is responsible for extensive perturbations in the A 2 H state. The B'-X transition could be followed to dissociation (Balfour and Lindgren 1978) providing a D 0 = 1.27(3) eV for the X 2 E + state, in excellent agreement with the best theoretical estimate of 1.25 eV for the dissociation limit (Meyer and Rosmus 1975) . Huber and Herzberg (1979) have a nearly complete set of laboratory references to work prior to 1977.
It is possible that MgH will be of some interest in the interstellar medium. It has been suggested that metal atoms such as Na, Mg, Ca, and Fe and their first ions play an important role in the overall ionization balance of an interstellar molecular cloud (Oppenheimer and Dalgarno 1974) . Under conditions of low fractional ionization, the neutral metal atoms can remove molecular ions by charge transfer and the resulting metal ions, which are generally unreactive, can account for much of the total ionization. The importance of this effect depends upon the extent to which the metals have been removed from the gas phase by being bound up in solid particles and the extent to which the gas phase metals are present in molecular form (presumably simple hydrides and oxides). It has also been suggested (e.g., by Plambeck and Erickson 1982 in connection with NaH) that the presence of metal hydrides could be taken as an indication of active grain surface chemistry.
With these considerations in mind and in view of the increasing efforts in astronomical spectroscopy at wavelengths between 1 gm and 1 mm, we have predicted the frequencies of the lowest pure rotational transitions and the fundamental vibration-rotation lines of MgH. This work demonstrates that high-resolution optical emission spectroscopy can provide rotational energy level splittings that are probably accurate to ± 30 MHz in molecules like MgH. The direct observation of MgH in the submillimeter and infrared spectral regions would provide the most precise rotational and vibration-rotation line positions. Such measurements are possible with existing techniques but are by no means routine. On the other hand, the results presented here show that relatively routine Fourier transform emission spectroscopy coupled with careful data analysis can provide measurements that approach the results of submillimeter and infrared spectroscopy in precision.
Metal hydrides like MgH and NaH have large rotation constants and large permanent dipole moments; consequently, the transition probabilities of their lowest rotational transitions are large compared with collisional excitation rates in all but the densest interstellar clouds. The conditions required for detectable interstellar lines are made more severe by the fact that most dense, warm clouds are themselves sources of local continuum emission near 1 mm wavelength. This increases the total background emission against which the lines must be detected. We discuss the excitation of interstellar MgH lines and consider briefly how interstellar magnesium in other forms might be detected. a) The Experiment Magnesium hydride was produced in a standard hollow cathode discharge operated at 250 mA current. Argon gas at 0.83 torr pressure with about 15 mtorr of added hydrogen flowed through the magnesium cathode. The emission spectrum was recorded with the Fourier transform spectrometer at the McMath Solar Telescope of the National Solar Observatory on Kitt Peak. The unapodized resolution was 0.026 cm -1 , and seven scans were co-added in a one-hour run. The signal-to-noise ratio for strong lines of the (0, 0) band of the A 2 Tl-X 2 l i + transition was greater than 1000. Data were also obtained for the (0, 1) band but with a maximum signal-to-noise ratio of about 50. The A-X transition is quite diagonal so off-diagonal Frank-Condon factors are small (Table 1) should have an absolute accuracy of 0.001 cm" ^ b) Analysis The interferograms were transformed by standard methods, and a rotational analysis was performed on the resulting spectrum. Rotational energy level splittings can be determined very precisely from high-resolution optical emission spectra if the signal-tonoise ratio (S/N) is high enough so that line center positions can be measured to a small fraction, (S/N)" ^ of a line width. Ideally the lines should be isolated (i.e., unblended) and their profiles should be symmetric about their centers. It should be emphasized that MgH presents a particularly pathological test case for such measurements. First, three isotopic species of magnesium are present in significant amounts ( 24 Mg: 78.7%; 25 Mg: 10.1%; and 26 Mg: 11.2%) so that blended lines are common in the A-X system, especially in the (0, 0) band for which the isotope shifts are very small. Second, there are numerous unresolved satellite lines, some of which are comparable in intensity to lines of the main branches for the low values of rotational quantum number of greatest interest in the present study. Finally, the hydrogen hyperfine structure is fairly large and can produce slight asymmetries in the line profiles.
Line positions were derived from the spectrum with the aid of DECOMP, a data reduction program developed at Kitt Peak. Overlapped lines were fitted by least squares with Voigt lineshape functions to extract the " true " line positions. The severe blending in the MgH spectrum made this step crucial. The observed line positions of the A-X (0, 0) and (0, 1) bands of 24 MgH are listed in Table 1 for lower state rotational quanta AT" < 10. The lines were assigned using the previous work of Balfour and Cartwright (1976a, b) and Balfour (1970a, b) as a guide. Note that several low-N lines previously attributed to the Q 2 and P 2 branches by Balfour and Cartwright (1976a, b) must be misassignments since the energy levels involved do not exist. See Herzberg (1950: § V, 3) for an energy level diagram of a 2 H-2 Z transition and a description of the spectroscopic notation. A rotational analysis was performed on the line positions of Table 1 by means of a direct, simultaneous, nonlinear least-squares fit of both the (0, 0) and (0, 1) bands. The Hamiltonian matrices were set up in a Hund's case (a) basis set and diagonalized to provide the energy eigenvalues. The 2 H and 2 S matrix elements of Zare et al. (1973) were used (see, e.g., Kotlar et al. 1980 for an explicit tabulation of the matrix elements). The resulting molecular constants are displayed in Table 2 . The simultaneous fitting of the (0, 0) and (0, 1) bands tends to reduce correlations among parameters and provides more precise predictions of the infrared fundamental vibration-rotation transitions than would result from independent fits.
Contrary to the usual spectroscopic practice only low N lines (N" < 10) were included in our fit. We are not trying to account for all observed lines of MgH but to predict the pure rotational and vibration-rotation transitions as accurately as possible. Unfortunately the A 2 U state is perturbed (near J = 33.5 for v = 0) by the F 2 £ + state (Balfour and Cartwright 1976a; Balfour and Lindgren 1978) . Although this perturbation appears to be local, in fact it affects the entire A 2 Tl v = 0 state to some extent and has large effects on the lambda doubling. As a result, the quality of the fit deteriorates as higher rotational levels are added. Additional centrifugal distortion matrix elements cannot cope with these levels since the Hamiltonian (Zare et al. 1973 ) is inadequate if there is a nearby 2 £ state. In spite of our efforts, small systematic residuals remain (see Table 1 ), owing to the perturbing effects of the nearby B' 2 Z + state and to imperfect separation of blended lines. The measurements discussed here represent a significant improvement over previous work (Balfour and coworkers) . For example, earlier optical spectroscopy at lower resolution could not establish the value of the ground-state spin-splitting constant, y 0 , to better than one significant figure. The present results yield y 0 = 0.02640 ± 0.00013 cm" 1 , somewhat larger than the ab initio theoretical value y 0 = 0.019 cm" 1 (Cooper 1982) and slightly larger than a value y 0 = -2B 0 Ag = 0.023 cm" 1 that can be estimated from electron spin resonance (ESR) measurements of ^-factors in matrix-isolated MgH (Knight and Weltner 1970, 1971) . Our determination of y 0 rests on the observation of several weak satellite branches. The fit also provides values (Table 2) for the A-doubling parameters p 0 = 0.0258 cm" 1 and q 0 = 0.00178 cm" 1 . The signs and magnitudes of these parameters are consistent with a distant 2216 1928.9547 1929.1960 19273.2400 19273.2694 19287.3670 19287.4138 19312.6839 19312.7397 19349.7488 19349.8083 19398.7507 19398.8096 19459.7451 19459.7995 19532.7314 19532.7777 19617.6798 19617.7143 19714.5419 19714.5609 19823.2550 19318.4744 19318.4865 19354.0389 19354.0713 19402.1518 19402.2099 19462.5622 19462.6503 19535.1349 19535.2569 19619.7732 19619.9328 19716.3918 19716.5927 19824.9065 19825.1522 19945.2294 a In cm ^ b Brown et al. 1975 . interaction between the A 2 H and X 2 T + states. Since p 0 (A 2 Ti) % y 0 (A 2 E + ), these two states form a unique perturber pair at low N (Zare et al. 1973) . At higher N the interaction with the B' 2 Z + state becomes important. The computed term values of the X 2 I, + v = 0 and v = 1 and A 2 Il v = 0 levels are provided in Table 3 . These term values can be used to generate all of the satellite branches of the A-X (0, 0) and (0, 1) bands or to predict the vibration-rotation spectrum of 24 MgH. The infrared fundamental is a 2 S-2 S transition and thus has a very weak Q branch and doubled P and R branches. The predicted spectrum is given in Table 4 and should be accurate to + 0.002 cm ~ ^ In order to predict the rotational spectrum of MgH, it is also necessary to account for the relatively large proton hyperfine structure. Hyperfine structure constants can be taken over directly from ESR measurements of MgH trapped in a solid argon matrix (Knight and Weltner 1971) . Differences between hyperfine constants for matrix-isolated MgH and for gas-phase MgH are expected to be no larger than the uncertainties in the rotational and spin splittings derived here. Knight and Weltner derived A dip = 0.9 ± 0.2 MHz and T iso = 296 ± 1 MHz for the dipolar and isotropic contributions to the hyperfine interaction in MgH on the H nucleus. In these expressions, the Fermi contact parameterF f = A iso = 296 MHz; t = A dip = 0.9 MHz; and N, J, and F are, respectively, the quantum numbers of rotational angular momentum, angular momentum including electron spin but excluding nuclear spin, and angular momentum including nuclear spin. In terms of the traditional Frosch and Foley (1952) parameters b F = b + c/3 and t = c/3. In Table 5 we list the predicted line frequencies for all spin and hyperfine components of the N = 1-0 and N = 2-1 transitions. It is worth noting that the N = 1-0 transition of MgH lies within a rather good atmospheric window not far from the frequencies of the CO J = 3-2 and CS J = 7-6 transitions. The corresponding spontaneous transition probabilities, A(N\ J\ F' ; AT", J", F") are also presented in Table 5 , and are based upon the ab initio theoretical value of the ground-state permanent dipole moment, fi = -1.283 debye, computed by Meyer and Rosmus (1975) . The relative intensities of the spin-hyperfine components will be proportional to (2F f + l)A(N\ J\ F'; N'\ J'\ F") when the lines are optically thin and the upper levels are populated according to their statistical weights.
The rotational constants for 24 MgH (Table 2 ) are B 0 = 171974.8 ± 1.6 MHz, D 0 = 10.565 + 0.015 MHz, and y 0 = 791.5 ± 3.9 MHz. The uncertainties correspond to the formal (1 o) errors in the least-squares fit to the optical emission line data. However, systematic errors will be much larger. We estimate that the overall uncertainties in the predicted frequencies of Table 5 are of the order of ±30 MHz. In the N = 1-0 lines, this corresponds to a Doppler velocity shift of ±26 km s _1 . The estimated accuracy of these predictions is thus good enough to permit an efficient astronomical search for MgH. It is also worth noting that the distinctive pattern of spin and hyperfine components can be used as a definitive test of the identification with MgH of any astronomical lines that might appear near the predicted frequencies.
As mentioned above, the practical limit on the accuracy of the derived rotational splittings in MgH is set not by purely instrumental constraints, but rather by the difficulty of fitting asymmetric profiles that are due to isotopic blends and unresolved satellite lines and hyperfine structure. In more favorable cases of simple molecules with isolated lines, we expect that similar optical emission spectroscopy can provide rotational frequencies accurate to ± 2 MHz or better.
III. ASTRONOMICAL CONSIDERATIONS
The observability of an interstellar molecule depends upon its abundance and degree of excitation. There are two different methods by which MgH might be observed in molecular clouds: by pure rotational lines in emission at submillimeter wavelengths and by lines of the A-X electronic transition in absorption in the visible spectra of background stars. We consider various factors that affect the detectability of interstellar MgH by these two methods.
For a rotational transition, the intensity depends not only on the abundance of the molecule but also on the local density, temperature, and radiation field that govern whether the transition can be excited perceptibly above the adjacent background continuum emission. In the case of a molecule like MgH with rotational transitions at submillimeter wavelengths and large transition probabilities, the populations of the lowest rotational levels will be coupled strongly to the thermal bath of the ambient radiation field unless the density is high enough to couple the molecule to the thermal bath of the gas by collisions.
We illustrate these points by considering a two-level MgH molecule having a single N = 1-0 rotational line at 343,840 MHz with a mean transition probability A Y0 = 2.6 x 10 -4 s _1 . If we assume a cross section for collisional de-excitation N = 1-0 by H 2 of a = 5 x 10" 16 cm 2 , then the corresponding rate coefficients are Vol. 298 380 perature of T = 75 K, the rate of collisional excitation, n(H 2 )C 01 == 3.7 x 10~1 1 n(H 2 ) s _1 , exceeds the rate of absorption in this radiation field, / v £ 01 = 3X 10 /[exp (hv/kT b ) -1] = 3.5 x 10" 5 s~1 only at densities n(H 2 ) > 10 6 cm -3 , where B 01 is the Einstein B coefficient for absorption. Even though the mean density in OMC-1 approaches this value, the abundance of MgH must be large enough to produce a line that can be seen against a total continuum brightness temperature of 7^ = 6.5 K at 344 GHz. In a cloud like OMC-1 where T = 75 K andn(H 2 ) = 10 6 cm -3 , a column density AT(MgH) = 1.5 x 10 12 AF cm -2 will be required to produce a 344 GHz line with a peak brightness temperature in excess of background of T L = 0.5 K, where À F is the full width at half-maximum of the line in velocity units of km s~1.
For comparison, in a cold cloud at T = 15 K where the density is n(H 2 ) = 5 x 10 5 cm -3 and the only continuum radiation at 344 GHz is due to the 2.7 K cosmic background, a column density AT(MgH) = 3.9 x 10 12 AF cm -2 is required to produce a T L = 0.5 K line. Densities much less than n(H 2 ) = 4 x 10 5 cm -3 will be inadequate to excite the line above the background, regardless of how much MgH is present. In short, only in the densest parts of molecular clouds will detectable emission lines of MgH be expected. Hot clouds like OMC-1 are not necessarily more favorable than cold clouds for excitation of MgH lines, because they will usually provide more intense continuum emission at the transition frequencies. The above examples suggest that for total H 2 column densities of the order of 10 22 to 10 23 cm -2 , relative abundances as low as MgH/H 2 = 10" 10 may be detectable in the densest interstellar clouds by means of the 344 GHz emission lines, It is worth noting that the effect of the strong coupling of molecular level populations to the local submillimeter radiation field inside a molecular cloud applies to all molecules with large rotational constants and spontaneous transition probabilities. Plambeck and Erickson (1982) have discussed their search for the J = 1-0 transition of interstellar NaH at 289.864 GHz under the assumption that the only background radiation is the 2.7 K cosmic background. As we have seen, the brightness temperature of internal radiation at this frequency is significantly larger in a hot cloud like OMC-1. Thus the NaH column density limit, Af(NaH) < 5.9 x 10 12 cm~2, derived by Plambeck and Erickson for Orion A (OMC-1) is too low, a value of the order of 10 14 cm -2 being more appropriate. Now that it is feasible to do sensitive, optical absorption line studies of genuine molecular clouds (see, e.g., Hobbs, Black, and van Dishoeck 1983; Lutz and Crutcher 1983; Crutcher 1985) , searches for the visible lines of MgH will be of value. The strongest interstellar absorption lines of MgH will be those arising in the v = 0, N = 0 ground state. The wavelengths in standard air and the relative oscillator strengths of the lines of interest in the A-X (0, 0) band are listed in Table 6 . The A-X (0, 0) band has a fairly large oscillator strength,/ 00 = 0.161, (Kirby, Saxon, and Liu 1979) . The experimental band oscillator strength computed from the measured A-X lifetime (Nedelec and Dufayard, 1978) agrees with the theoretical value to within experimental error. If we assume that all of the molecules are in the AT = 0, J = ^ ground state in a cloud of modest density, and consider a minimum measurable equivalent width of 3 mÂ in the (0, 0) R^j) line at 5183.3 Â, then a column density as low as AT(MgH) = 2 x 10 11 cm -2 is potentially observable. It is worth pointing out that neutral atomic Mg is also observable by ground-based optical techniques through its 3s3p 3 P 1 -3s 2 l S 0 intercombination line at 4571.104 Â. The oscillator strength of this line is/= 2.11 x 10" 6 (Laughlin and Victor 1979). At the level of 3 mÂ equivalent width, a column density iV(Mg) = 7.7 x 10 15 cm -2 is detectable. The MgO molecule also has a strong band system in the visible. The transition moment function derived by Diffenderfer, Yarkony, and Dagdigian (1983) for the system of MgO implies a value of the (0, 0) band oscillator strength off 00 = 0.153. If the ground-state rotational levels are populated according to an excitation temperature T ex = 2.7 K in a low density cloud, then the B-X (0, 0) R(l) line at 4997.124 Â will have an equivalent width of 3 mÂ for a total column density AT(MgO) = 3 x 10 11 cm -2 . In a cloud of total column density 10 22 cm -2 , we see that MgH, Mg, and MgO are detectable by optical absorption line techniques at the levels of 2 x 10" 11 , 7.7 x 10 -7 , and 3 x 10 -11 , respectively, in terms of abundance relative to that of hydrogen, and of 5 x 10~7, 0.02, and 7.5 x 10~7, respectively, in terms of the solar magnesium abundance (Mg/H = 4 x 10" 5 ; Lambert and Luck 1978) .
The microwave frequencies of the lowest rotational transitions of MgO have also been measured recently in the laboratory by Steimle, Azuma, and Garrick (1984) .
It is difficult to predict the abundances of magnesium-bearing molecules in interstellar clouds because the processes by which they might form are poorly understood. Leung, Herbst, and Huebner (1984) have suggested that MgH may form in the gas phase by Mg + + NaH->Na + + MgH Their chemical models predict fractional abundances MgH/H 2 in the range 10" 13 to 10" 11 if heavy elements are severely depleted from the gas phase (i.e., by factors of 100 relative to solar abundances) and in the range 10" 10 to 10" 9 if the heavy element abundances are characteristic of those given in the older literature for the £ Oph diffuse cloud (Morton 1975) . The most recent study of interstellar magnesium (Murray et al 1984) , however, suggests that the gas phase abundance of magnesium in diffuse clouds is rather higher than indicated by the earlier work, viz., 40% of the solar abundance, on average. It is also possible that magnesiumbearing molecules form on the surfaces of interstellar grains and are then injected back into the gas phase. In any event, observational information about the abundances of various forms of magnesium in interstellar clouds is needed. The atomic forms of magnesium may play a significant role in the overall ionization balance of a molecular cloud. Searches for MgH and MgO can be used to constrain the chemistry of metals and to estimate the contribution of grain surface reactions to gas phase abundances.
There exist upper limits on interstellar lines in the A-X (0, 0) band toward two stars. Herbig (1968) found no MgH lines with equivalent widths greater than 3 mÂ toward Ç Oph, and Crutcher (1985) set limits of 8 mÂ on the MgH lines toward HD 29647.
IV. CONCLUSIONS The A 2 n-X 2 Z + (0, 0) and (0, 1) transitions of MgH have been analyzed at high resolution using a Fourier transform spectrometer. The derived spectroscopic constants and vibrational and rotational energy levels of the X 2 X + state are considerably more accurate than any previously available. Frequencies of the lowest N = 2-1 and N = 1-0 pure rotational lines are predicted with an estimated precision of ± 30 MHz. Positions of the (1,0) vibration-rotation lines are predicted with an uncertainty of ±0.002 cm" ^ Interstellar MgH should be detectable at a relative abundance level of MgH/H 2 = 2 x 10" 11 by means of its visible absorption lines and at a level MgH/H 2 -10" 10 by means of its 344 GHz emission lines. In the former case, observations will be restricted to lines of sight where suitable background stars are present, while in the latter case, observations will be productive only in the densest interstellar regions where the MgH lines can be excited into emission above the background continuum.
